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Abstract
Compression ignition (CI) engines and diesel fuel are commonly used for long-distance
transportation, marine transportation, and construction equipment due to their high thermal
efficiency and relatively low cost. Meanwhile, compression ignition (CI) engine emissions such
as CO, NOx, and soot cause human health issues, climate change, and pollution problems. To
reduce emissions, especially by restraining the formation of soot, some new energy resources
are researched for replacing diesel fuel.
Dimethyl ether (DME) is one kind of new energy resource with four main advantages:
high cetane number, low auto-ignition temperature, simple chemical structure, and high oxygen
content. A wide range of DME blending ratios would be selected for blending with diesel fuel
in numerical simulations. The modelling would be a tool for engineers to analyse the emissions
using a CI engine, and the simulation results would show the potential of DME and its impact
on emission reduction.
CMCL Engine Suite would be employed, and an SRM model is the core of this
software. The numerical method will analyse the inside mechanism, chemical interaction, and
chemical turbulence for the blending fuel, revealing the trend through different figures. As the
top priority, soot formation variations will be analysed at three stages: inception, HACA surface
growth, and PAH condensation surface growth. The findings from previous studies of DME
will be verified through the numerical method in this thesis.
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Introduction
1.1 Background
Compression ignition (CI) engines and diesel fuel are widely used in long-distance,
marine, and public transportation due to their high efficiency and relatively low cost.
Additionally, the CI engine is applicable in areas such as power generation and construction
equipment. Diesel fuel has an energy density of 38.6 MJ/L, which is higher than gasoline fuel's
34.2 MJ/L [1]. The compression ratio of the CI engine is around 14:1 to 22:1, and a high
compression ratio that leads to increased efficiency [2]. With the highest thermal efficiency of
all internal combustion engines (ICEs), the CI engine is ideal for diesel fuel applications,
offering lower operating costs.
The emissions of CI engines, however, are still problems to both the environment and
people. In 2014, 23% of emissions came from transportation in Canada, with carbon dioxide
(CO2) primarily coming from fossil fuel [3]. With diesel fuel combustion, carbon monoxide
(CO), nitrogen oxides (NOx), and soot (particle matter) can form and be emitted from CI
engines. Such emissions are all harmful to people and the environment. CO is a prominent
source of CO2 and can negatively affect the human respiratory system [4]. NOx consists of
nitrogen monoxide (NO) and nitrogen dioxide (NO2), which causes adverse effects on the
human respiratory system (similar to CO) and forms acid that can damage vegetation and
buildings [5].
Soot is the most concerning emission since it influences multiple aspects, including
climate change, human health, and pollution. Soot is the 2nd largest contributor to climate
change due to being a strong absorber of solar radiation [55] [57] and soot has a climate change
impact of approximately two-thirds of CO2. [6]. Regarding human health, breathing problems
such as asthma are the most common impact of soot [7]. Besides these, heart attack, lung
diseases, and cancer are among the most troubling results of soot. At present, soot or carbon
1

black can be used in industrial processes, such as in tire rubber and automotive coatings [8].
With the exhaust of vehicles and trucks, however, it is challenging to collect the soot and utilise
it. Thus the objective is to reduce the formation of soot as much as possible. In order to reduce
soot emission, it is necessary to understand how soot forms and to know detailed information
about the soot formation process.
Currently, there are two main approaches to reducing emissions from land
transportation vehicles, the first being the use of electrical engines and batteries to replace
traditional engines and fuels. Electric vehicles (EV) can convert up to 73% of electrical energy
to power [10]. Another advantage is that, if the energy is generated from renewable sources,
electrical energy generation has a small contribution to climate change. This approach is limited
by battery capacity and slow charging speed, however, and pollution is still created during the
production and disposal of batteries. While filling a gasoline or diesel vehicle tank can take as
little as five minutes, an electric vehicle needs anywhere from a half-hour to several hours to
recharge the battery. EVs have potential and unique advantages, but there are still technical
difficulties to address when it comes to the batteries themselves and the charging system.
The other potential approach is improving fuel and engines to reduce emissions,
embracing the advantages of CI, SI, or HCCI engines, but with minimal emissions. Among
these engines, improving the fuel for CI engines is attractive because CI engines are the most
widely used engines with high efficiency and produce less CO2/km. For example, applying
better strategies of injection in CI engines is a popular research area, and more new energy
sources are being tested, such as bio-butanol, hydrogen, and dimethyl-ether. Therefore, the
benefits of CI engines—like high efficiency, wide application range, and comparably low
cost—can be maintained while the emissions are reduced.
Dimethyl-ether (CH3OCH3) is an alternative fuel with great potential and can be further
researched to replace traditional diesel fuel. Similar to diesel fuel, DME is also an efficient fuel
with a high energy density that can provide higher mileage. Thus, DME is also suitable for a
2

CI engine due to the fuel economy. Also, DME has some extra advantages over traditional
diesel fuel. First, DME has a higher cetane number than diesel fuel. A high cetane number can
lead to a shorter ignition delay, which is the time between the start of injection (SOI) and the
start of combustion (SOC). A shorter ignition delay allows for more time for the combustion
process, leading to more complete combustion. This in turn reduces the formation of soot and
CO emissions. In addition, low auto-ignition temperature is another advantageous property of
DME, as it can influence the combustion in a manner similar to the shorter ignition delay,
making it easier to ignite. Furthermore, DME can produce lower amount of soot comparing to
diesel fuel because DME has a high oxygen content of 34.8% [12] and no C-C bond [11]. The
higher oxygen content and no C-C bonds lead to fewer polycyclic aromatic hydrocarbons
(PAHs) being formed. Since PAHs are the building blocks of soot, a reduction in PAHs results
in a reduction in soot formation. Besides, DME production can be a clean process because it is
potentially being produced from some renewable sources such as biomass [56].
While DME has been proven to produce lower amounts of soot in engines through the
experiments and lab-scale flame studies, the underlying mechanisms that cause the reduction
haven’t been determined. For analysing the mechanisms of soot formation and the turbulencechemical interactions, the numerical method is the ideal choice since experimental methods
can’t provide the level of detail of numerical simulations. Utilizing a numerical model can
provide insights into soot mechanisms in flames and specific details on the interactions between
the chemicals—soot, CO, and NOx. The computational fluid dynamics (CFD) is one numerical
method that is widely applied in various fields such as aerodynamics, environmental
engineering, and fluid mechanics. Accurate fluid mechanism simulations can be achieved.
However, CFD model is expensive due to the complex gas phase interaction and particle
dynamics.
The stochastic reactor model (SRM) is another numerical method that is more
appropriate than CFD for investigating soot formation in engines. SRM, which is based on the
probability density function (PDF), is capable of describing the turbulence-chemistry
3

interaction while other 0D reactor approaches do not. The PDF approach provides a range of
possible states within the engine at a given time, as opposed to other 0D approaches that provide
one state [14]. This allows the model to capture turbulence-chemistry interactions and variation
of fuel-air mixing within the combustion cylinder. These two considerations are critical to
modeling of emissions, such as soot, from ICEs. To date, there has been no attempts to use an
SRM approach to understand the reason DME results in less soot formation in ICEs.

1.2 Research Objectives
The main research objective is to understand how DME reduces soot formation
compared to diesel fuel in CI engines. This is accomplished by investigating the effect DME
blending on soot formation mechanisms using a SRM-based engine simulation software. The
variations of other emissions, CO and NOx are analysed as well. The numerical results are
utilized to understand which mechanisms of soot formation are affected most by DME blending.

4

Literature Review
2.1 Dimethyl ether (DME) Properties
When internal combustion engines (ICEs) were first invented and applied in
automotive industries and public transportation, people pursued higher power output without
limitation, ignoring the emission output. Nowadays, the importance of emission control is
mentioned frequently and a variety of new energy sources have been generated in the interest
of limiting emissions.
Dimethyl ether is one such renewable, clean form of energy and is a feasible fuel for
soot emission reduction because of it’s a forementioned high cetane number, low auto-ignition
temperature, simple chemical structure, absence of C-C bond [11], and high oxygen content of
34.8% [12]. Diesel fuel usually has cetane numbers ranging from 45 to 55, while DME has
cetane numbers ranging from 55 to 65, leading to a shorter ignition delay that averts incomplete
combustion. In boosting combustion, an auto-ignition temperature of 508 degrees kelvin (K) is
better than diesel fuel's 523 K [14]. In addition to the advantages of soot reduction, DME is
environmentally friendly and nearly harmless to human health, only having narcotic effects on
people when the fraction is more than 10% by volume. it also has a distinct odour [15], thus
allowing leaks to be easily detected. Also, DME production has been claimed to be economical
[69] and can be supplied at a lower price than diesel by up to 40% in Southeast Asia or the
Middle East [13].
While DME is a promising fuel, it still has disadvantages in combustion: having a low
heat of combustion and viscosity. With a low heat of combustion of 28.8 kJ/kg, it required some
more fuel to be injected than with diesel fuel, which has a higher enthalpy of 42.5 kJ/kg) [14].
The lower viscosity is an issue due to increased component wear and leakage. Additionally, the
energy density of DME is lower than diesel fuel. Thus, a larger fuel tank would be required for
the same energy output.
5

DME was produced at a range of 100,000 to 150,000 tonnes per annum since 1996 [15],
and the quantity has now increased to 9 million tonnes per annum [16], mainly from China and
Japan, according to the International DME Association (IDA). There are two main methods for
DME production [15,16]:
I.
II.

De-hydrogenation of methanol from syngas
Direct conversion from synthesis gas (syngas)
The de-hydrogenation of methanol from syngas is the current mainstream. The syngas

is composed of hydrogen (H2), carbon monoxide (CO), and carbon dioxide (CO2), but
impurities (such as methane) may sometimes exist. The other method is a direct conversion
with a catalyst's help. Usually the sources are coal and biomass gasification or natural gas
reforming [16], with natural gas reformation being the most efficient selection among these
sources.

2.2 Soot Formation Theory
Understanding the processes of soot formation is essential before entering the
numerical analysis stage. Generally soot formation results from incomplete combustion of
hydrocarbon fuels, such as wood, oil and coal. The concept of polycyclic aromatic hydrocarbon
(PAH) will be introduced before discussing the soot formation process. PAH is a group
containing the subset of the aromatic hydrocarbons such as naphthalene, anthracene and
benzene. PAHs are regarded as the most probable soot precursors in previous studies [36,37,38].
The first step of soot formation is called nucleation, in which PAH becomes nuclei, and the gas
phase changes to the solid phase [9]. The reason for nucleation is the strong π-π interactions in
aromatic systems, which are more attractive than most gaseous fuels and their oxidation
products [39].
The PAHs are then converted to particles, but the particles are not stable at this stage.
6

There are many activities among these particles. Coalescence—also known as coagulation—is
when the nucleated soot particles begin to combine and the mass is added to the surface. During
coalescence, the total mass of particles does not change, but the number of particles decreases
[9]. Surface growth also happens in this stage as the mass is added to the surface of nucleated
soot particles. Unlike coalescence, the total mass increases, but the number of particles will not
change. The surface growth rate would be higher for smaller particles because of the more
reactive radical sites [40].
The following step is agglomeration, in which the primary particles keep combining
and finally form soot; the primary particles stick together in groups and the structure becomes
chain-type fractal aggregates [9]. Although the particles have been combined several times and
mass is added during the process, the size of the resulting soot is still small enough to be
considered a nanoparticle, which is much smaller than dust and human hair.
Here is an example of how diesel fuel converts to soot particles. Figure 1, from Dale
R. Tree's article [9], displays this in a clear manner.
Figure 1: Soot formation processes [9]

Fuel’s conversion to soot starts from pyrolysis, which is a process of organic
compounds changing structure without oxidation. The diesel fuel is injected into the chamber
and mixed with air, although it can't mix well like gasoline fuel in SI engines. Then, autoignition occurs when the pressure and temperature are high enough. The majority of fuel can
be auto-ignited, but a small portion of fuel would pyrolyze to PAH. The chemical named
acetylene (C2H2) from Figure 1 is considered the major building block for PAHs. Then PAH
will go through the processes of nucleation, surface growth, coagulation and agglomeration as
7

the soot formation theory above.
In a specific engine such as CI engine or SI engine, soot will form in poorly mixed fuel
rich regions. The air-fuel mixture is mixed well before entering the chamber in a SI engine,
thus the PAH formation amount is lower in a SI engine than in a CI engine. The reason why
DME produces less soot than diesel fuel is that DME tends to produce fewer aromatic
precursors according to laboratory flame studies [58] [59].

2.3 Soot Formation from DME in Engines
DME has similar properties of diesel fuel with some additional advantages such as the
high oxygen content and the absence of C-C bond. Thus, DME should be an ideal alternative
fuel using in a CI engine for reducing soot formation. The soot formation can be reduced by
reducing the PAH formation as mentioned above. Also, a CI engine is not the only choice, there
are some researches of DME in a homogeneous charge compression ignition (HCCI) engine.
A homogeneous charge compression ignition (HCCI) engine is a compression engine
that uses a well-mixed air-fuel charge, which is similar to a spark ignition (SI) engine [17]. This
characteristic can assist DME in mixing better before the combustion and it is usually achieved
by either port fuel injection (PFI) or direct injection (DI) [18]. HCCI engines generally decrease
the emission of NOx, soot, and CO2, with higher amounts of unburned hydrocarbon. If
oxidation catalysts are applied, however, the unburned hydrocarbon and CO can be further
reduced. For HCCI engines, chemical kinetics play an essential role that dominates the
combustion mechanism instead of the mixing and vaporisation in diesel engines.
Polyoxymethylene dimethyl ethers (PODEs) are one class of DME derivatives. The
chemical formula is CH3(-O-CH2)n-O-CH3, and it has several oxymethylene groups that DME
does not have. The properties and combustion performance of PODE are similar to DME, so
the research pattern of PODE can also be referred to for successful examples. Control group
comparison is a prevalent method used in both DME and PODE research. The control groups
8

can show the most direct view of differences, including those in power output, soot formation,
and NOx and CO emissions. With the changes of blending ratios in DME/PODE, the effect can
be recorded and compared with pure diesel fuel.
There are some excellent examples of blending PODEs with diesel fuel compared to
pure diesel fuel. The first one is an experiment on a 6-cylinder heavy-duty engine from Wang
et al. [19]. The blending ratios are 0%, 15%, and 25% (representing pure diesel, PODE15, and
PODE25, respectively). The pressure traces and heat release rates under different engine loads
are plotted to show the power output variation. For this experiment, heat release rates are
slightly influenced, with the peak point declining a little bit, though the pressure traces are
consistent. This checking step is necessary because the target is to reduce emissions of CI
engines while keeping the same level of power. In addition, the plots on specific crank angles—
such as start of injection (SOI) and 50% of heat release (CA50) to 90% of heat release (CA90)—
demonstrate more details of engine combustion. With the support of previous data analyses, the
emission results can be more convincing. The experiments are already applied with 15%
exhaust gas recirculation (EGR), however, so NOx would be influenced; though it is an
optimisation to the combustion, the combustion results without EGR are not recorded.
This research group published another excellent paper on PODE blending in 2018, with
the engine replaced by a gasoline compression ignition (GCI) engine, an invention with high
efficiency and clean combustion. The blending ratios shift to 0, 10%, 20%, and the basic fuel
changes to gasoline fuel, which is acceptable since the critical point is the research pattern
instead of the type of fuel. In this article, the advantages of the previous experiment are obtained.
By discussing different injection strategies, more views are provided on the emissions.
Although EGR is also applied in all experiments, various ratios of EGR are investigated instead
of only 20% EGR.
The articles above make suggestions for the blending ratios and comparison criterion
of emissions, and some points can be improved; for example, the EGR ratio can be removed
9

for the initial groups since the effect of EGR is already proven by experiments.

2.4 Modeling Soot Formation in Engines
Modeling soot formation in engines is a complex work and there are many attempts
using different methods to model it. Zero-dimensional (0D) method is one example depending
on thermodynamic and phenomenological principles. The method describes the rate of
combustion of the injected fuel based on the laws of thermodynamics and semi-empirical
relationships [60]. When modeling soot formation in a CI engine, the method will be complex
because the desired output is a high number [61]. CFD is a three-dimensional (3D) approach
that has to address specific problems linked to the flow unsteadiness when applying to a diesel
engine [62]. Also, high Reynolds numbers will be involved and variable geometry of the solid
boundaries is complex. These features will lead to an extremely long computational time and a
high computer memory requirement. The stochastic reactor model (SRM) originally derives
from another model called DARS-ESM and is based on the partially stirred reactor model
(PaSPFR) [31]. The methodology replaces real particles with numerical stochastic particles and
replaces homogeneity with statistical homogeneity in an SI/CI/DI/HCCI engine cylinder. For
every stochastic particle, the mass, temperature, and chemical compositions would be simulated
[32]. SRM will be the optimal method when modeling soot formation in a CI engine. SRM can
calculate turbulence-chemistry interaction that other methods don’t, and SRM is a low
computational cost method.
It would be insufficient to only understand the numerical simulations and the software
itself for the numerical study, since the concepts of combustion, emission formation, and
models are also essential. The principal methodology behind the study includes the population
balance model (PBM) and the stochastic reactor model (SRM). The population balance model
would explain how particles are formed and destroyed from the behavior of a single particle,
and PBM would be for emphasis since soot particles are the most critical emission in CI engines.
10

PBM can be solved by three methods: method of moments, stochastic, and sectional. The
method of moments is efficient to solve the equations of PBM and the computational cost is
low, however, this method is limited by no information about the shape of the distribution [67].
The stochastic method is used when initial conditions have a range of possible values and it is
usually used to solve very detailed PBMs. However, implementing the stochastic method in
practical systems will be complex. The sectional method will apply concepts from control
volume analysis to determine flux entering and leaving each size bin. It can provide information
on particle size distribution while CPU cost is increasing.
PBM is defined as the behavior of the population of particles and their environment
based on the behavior of single particles in their local environments. The particle size and phase
changes are different phenomena such as nucleation, aggregation, breakage, and surface growth,
which are due to a concept called 𝒏—number density function (NDF). NDF is the density of
particles in the volume about the particle state and would describe all the transformations
related to particle birth and death.
PBM consists of two coordinates, an internal coordinate and external coordinate, which
describe the state of the particles. Internal coordinates would describe the natural characteristics
of particles, such as volume, mass, density, shape, diameter, and so on. With external
coordinates, the location of the particles would be described, such as zero-dimensional (0D),
1D, 2D, or 3D. With the time axis included, the system would be expressed as:
𝑛(𝜑, 𝑥, 𝑡)

(1)

Derived from this expression, the physical number density is given as:

𝑁(𝜑, 𝑥, 𝑡) = ∬ 𝑛(𝜑, 𝑥, 𝑡) 𝑑𝑉𝜑 𝑑𝑉𝑥

(2)

As mentioned in the above paragraph, there are many phenomena or processes, and the
model would consist of these processes. Before introducing the phenomena, however, the
11

working principles and the SRM model must be covered.
In addition, chemical mechanisms and fuel surrogates are required for the numerical
simulations. The chemical mechanisms contain a various of species and reactions. With detailed
chemical mechanisms, CMCL Engine Suite can simulate the combustion and output the
detailed results. The diesel fuel is composed of hundreds of chemical species, proper fuel
surrogates should be selected because the diesel fuel is the target that will be compared.
Soot formation modeling is a research topic with many previous studies. In the study
from [26], the model of soot formation is built with detailed chemistry and physics. The kinetic
model of soot formation consists of two components: gas-phase chemistry and soot particle
dynamics. The gas-phase chemistry determines the flame structure and the soot particle
dynamics describes the evolution of the particle ensemble. The chemical kinetic mechanism is
from Wang and Frenklach [54], that consists of 99 chemical species and 531 reactions. The
simulation of flames is the starting point of the model, leading to further species, aromatics and
soot characteristics testing. This model is a combination of developed gas-phase reactions,
aromatic chemistry, soot particle coagulation, soot particle aggregation and a new sub-model
for soot surface growth. The numerical results are verified with the comparison of the
experimental data, and the model demonstrates an encouraging level of agreement.
The other example is from Kennedy [68] which introduces three types of models:
empirical, semi-empirical and detailed. All these models can predict soot concentrations with
good results. The empirical model is completely based on the correlations of experimental data,
that can predict soot loading trend. The semi-empirical model solves rate equations derived
from the experimental data and it is mostly the tool for a restricted range of combustion
conditions. The detailed model will predict concentrations of species from fuel to PAH, then
finally soot, and the detailed model can predict the soot formation over an unrestricted range of
fuels.
Moment projection method (MPM) is another attempt of soot formation modeling. This
12

method is coupled with the SRM engine code to simulate soot formation in a DI engine from
[46]. The simulations include convective heat transfer, turbulent mixing and a detailed chemical
mechanism. The MPM can track the number of the smallest particles and solve the moment
transport equation. In this article, there are five processes of the soot formation: inception,
coagulation, condensation, surface growth and oxidation. The coupled SRM code is used for
the simulation of combustion in a diesel engine. The soot formation is also in agreement with
the experimental results.
There is also soot formation model that is improved from the previous study. From
Chen’s article [67], the hybrid model is used that can consider the effect of turbulence on the
chemical reaction rate in the soot formation model. Both particle turbulent transport controlled
rate and soot oxidation rate will be calculated for the soot formation and the oxidation. The
advantage is that the prediction of the soot concentration distribution in cylinder will be
improved, leading to a more homogeneously distributed mass concentration. The model is
tested in a DI engine and the simulation results are also compared with the experiments.
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Numerical Method
3.1 Numerical Framework
From the previous discussion, 0D method and CFD method are not selected due to the
inability to capture turbulence-chemistry interactions or high computational costs. In this study,
a SRM based engine model will be used with a couple PBM solved by the sectional method for
soot formation. The details of the SRM method and soot PBM are discussed later in this chapter.
The SRM & kinetics suite software marketed by CMCL Innovations is utilized in this thesis.

3.2 SRM Governing Equations
The following equations of SRM are from Sebastian Mosbach and Markus Kraft's
article [33]. First, the mass fractions Y1 , … , Y𝑠 and the temperature are combined into a vector
𝜓, so the relationship is 𝜓 = (𝑌1 , … , 𝑌𝑠 , 𝑇), in which s would denote the number of chemical
species. Combining with the joint distribution of the PDF, the mean quantities are calculated
as:

𝜓𝑗 (𝑡) = ∫ 𝜓𝑗 𝑓(𝜓; 𝑡)𝑑𝜓

(3)

For internal combustion engines, there is another concept called mass density function
(MDF) which is very useful: 𝐹(𝜓; 𝑡) = 𝜌(𝜓, 𝑡)𝑓(𝜓, 𝑡) . In the model of SRM, the time
evolution of MDF is described as:
𝑆

𝑆

𝑗=1

𝑗=1

𝜕
𝜕
𝜕 𝐶𝜙
𝑉̇
𝐹(𝜓; 𝑡) = − ∑
[𝐺𝑗 (𝜓)𝐹(𝜓; 𝑡)] + ∑
[
(𝜓𝑗 −< 𝜓𝑗 >)𝐹(𝜓; 𝑡)] − 𝐹(𝜓; 𝑡)
𝜕𝑡
𝜕𝜓𝑗
𝜕𝜓𝑗 2𝜏
𝑉
1
− [𝑈(𝜓𝑆+1 + ℎ)𝐹(𝜓1 , … , 𝜓𝑠 , 𝜓𝑠+1 + ℎ; 𝑡) − 𝑈(𝜓𝑠+1 )𝐹(𝜓 ; 𝑡)]
ℎ

(4)

The equation contains the terms representing chemical kinetics, turbulent mixing,
piston movement, and convective heat transfer on the right side. The term 𝐺𝑗 (𝜓) represents the
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chemical reactions and the related heal release (including temperature change). 𝐺𝑗 (𝜓) is
calculated as:

𝐺𝑗 (𝜓) =

𝑀𝑗 𝜔̇ 𝑗
, 𝑗 = 1, … , 𝑆
𝜌

(5)

𝑆

1
𝑝 𝑑𝑉
𝐺𝑆+1 (𝜓) = −
∑ 𝑒𝑖 𝑀𝑖 𝜔̇ 𝑖 −
𝐶𝑉 𝜌
𝐶𝑉 𝑚 𝑑𝑡

(6)

𝑖=1

where 𝑀𝑗 is the molar mass, 𝜔̇ 𝑗 is the molar production rate, 𝜌 is the mass density, 𝐶𝑉 is the
constant volume specific heat capacity, 𝑒𝑖 is the specific internal energy, and V is the
instantaneous cylinder volume.
𝐶𝜙
2𝜏

(𝜓𝑗 −< 𝜓𝑗 >)𝐹(𝜓; 𝑡) describes the turbulent mixing, using the interaction by

exchange with the mean (IEM) mode, which means all scalars are related exponentially to the
mean value. The term 𝐶𝜙 is the mixing intensity and is set as 𝐶𝜙 = 2 from [34]. 𝜏 is the
characteristic mixing time, so the term becomes to

𝑈(𝑇) = −

𝐶𝜙
2𝜏

. The heat transfer term is calculated as:

ℎ𝑔 𝐴
(𝑇 − 𝑇𝑤 )
𝐶𝑣 𝑚

(7)

where A is the heat transfer area, 𝑇𝑤 is the cylinder temperature (assuming the transfer is
uniform), and ℎ𝑔 is Woschni's heat transfer coefficient. < 𝜓𝑗 > means the mean quantities if
PDF is known and < 𝜓𝑗 > = ∫ 𝜓𝑗 𝑓( 𝜓; 𝑡)𝑑𝜓.
The PDF transport equation is solved using the Monte Carlo particle method, which
assumes there are N stochastic particles that do not have geometric and spatial information, but
carry only the information on temperature and mass fractions individually. The PDF solution
is calculated as:
𝑁𝑝𝑎𝑟

1
𝑓(𝜓 ; 𝑡) =
∑ 𝛿(𝜓 − 𝜓 (𝑖) (𝑡))
𝑁𝑝𝑎𝑟
𝑖=1
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(8)

In this equation, 𝜓 (𝑖) (𝑡) carry the information such as 𝜓 (𝑖) = ( 𝜓1 (𝑖) , … , 𝜓𝑆 (𝑖) , 𝜓𝑆+1 (𝑖) ) =
(𝑌1 (𝑖) , … , 𝑌𝑆 (𝑖) , 𝑇𝑆 (𝑖) for the mass fraction and the temperature of each particle.
Inserting this equation into equation [3] as an approximation of mean quantities results in:
𝑁𝑝𝑎𝑟

1
𝜓𝑗 (𝑡) =
∑ 𝜓𝑗 (𝑖) (𝑡)
𝑁𝑝𝑎𝑟

(9)

𝑖=1

It is worth mentioning that, in a heat transfer process, particles are calculated uniformly at
random, so the temperature is calculated as:

𝑇 (𝑖) ⟹ 𝑇 (𝑖) −

𝑇 (𝑖) − 𝑇𝑤
𝐶ℎ

(10)

where 𝐶ℎ is a constant controlling the magnitude of the temperature fluctuations.

3.3 Sectional Soot Formation Model
This section will introduce the sectional soot formation model into two parts. The first
part is the working principles of the sectional method and the second part will introduce the
governing equations of each process: nucleation, aggregation, PAH condensation, HACA
surface growth and oxidation.

3.3.1 Sectional Method
The sectional method is the method that is commonly used in numerical calculation
and analysis and that also contributes to the PBM model, which will be discussed in the
following sections. Before entering the processes of soot formation with the PBM, it is
necessary to understand the sectional method.
The basic concept of the sectional method is discretising the NDF into discrete size
bins that can be regarded as discrete control volumes. In the control volumes, entering and
16

exiting flux can be determined.
The sectional number density is usually marked as 𝑁𝑖 and is calculated as:
𝑚𝑖+

𝑁𝑖,𝑡 = ∫

𝜂(𝑚, 𝑡)𝑑𝑚

(11)

𝑚𝑖−

where 𝑚𝑖 represents the discrete size bin calculated, 𝑚𝑖+ is the next section, and 𝑚𝑖− is the last
section. If the assumption of sufficient same intervals is set as:
𝜂(𝑚, 𝑡) = 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡 𝑤𝑖𝑡ℎ 𝑟𝑒𝑠𝑝𝑒𝑐𝑡 𝑡𝑜 𝑚𝑎𝑠𝑠

(12)

then NDF can be calculated as:
𝑁𝑖,𝑡 = 𝜂(𝑚𝑖 , 𝑡)∆𝑚

(13)

𝑚𝑖+1 − 𝑚𝑖−1
2

(14)

∆𝑚 =

𝑁𝑆

𝜂(𝑚, 𝑡) = ∑ 𝑁𝑖,𝑡 𝑆(𝑚 − 𝑚𝑖 )

(15)

𝑖=0

where NS is the number of sections.

3.3.2 Governing Equations
3.3.2.1 Nucleation
The first process is named nucleation or inception, which is the birth of a new particle
from the material outside of the population; for example, the phase conversion from the vapor
(gas) to the droplet (liquid) is a phenomenon of nucleation. Macroscopically, nucleation is
considered a thermodynamically driven process to overcome the radius and energy and finally
form a nuclei. For numerical simulations, soot nucleation is assumed from PAH collision and
sticking. The nucleation rate is described as:
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𝑝

𝜕𝑁1𝑎
𝜕𝑁
8𝜋𝑘𝑏 𝑇
(𝑟𝑎 + 𝑟𝑏)2 𝐴2𝑣 [𝐴][𝐵]
| = 1 | = 𝛽√
𝜕𝑡 𝑛𝑢
𝜕𝑡 𝑛𝑢
𝜇𝐴𝐵

(16)

𝑝

𝜕𝑁𝑖𝑎
𝜕𝑁
| = 𝑖 | = 0, 𝑖 = 2, 3, … , 35
𝜕𝑡 𝑛𝑢
𝜕𝑡 𝑛𝑢

(17)

The equation assumes there are two colliding PAHs, with [𝐴] and [𝐵] as the
concentrations of two individual PAH. Similarly, 𝑟𝑎 and 𝑟𝑏 are the radii of these two PAHs.
Besides these, 𝛽 means the nucleation efficiency, and it is set as 0.0001 by Saffaripour et al.
[21]. 𝑘𝑏 means the Boltzmann constant, and 𝐴𝑣 is the Avogadro's number. When two PAHs
collide, some portion of mass is reduced, and the amount of mass is set as 𝜇𝐴𝐵 .

3.3.2.2 Aggregation
Aggregation—also called coagulation—refers to the process of two exiting particles
forming one larger particle. The soot aggregation kernel is based on the Knudsen number
system [22]. Applying the section method, the following equations are the source terms for
aggregates and primary particles in ith section:
𝜕𝑁𝑖𝑎
| =
𝜕𝑡 𝑐𝑜

𝜕𝑁𝑖𝑎
| =
𝜕𝑡 𝑐𝑜

𝑘<𝑗<𝑖

35

∑
𝑚𝑖−1≤𝑚𝑗+𝑚𝑘≤𝑚𝑖+1

𝑘<𝑗<𝑖

∑
𝑚𝑖−1≤𝑚𝑗+𝑚𝑘≤𝑚𝑖+1

𝛿𝑗, 𝑘
(1 −
) 𝜂𝛽𝑗,𝑘 𝜉𝑗,𝑘 𝑁𝑗𝑎 𝑁𝑘𝑎 − 𝑁𝑖𝑎 ∑ 𝛽𝑖,𝑘 𝜉𝑖,𝑘 𝑁𝑘𝑎
2

(18)

𝑘=1

35

𝛿𝑗, 𝑘
(1 −
) 𝜂𝜂𝑝 𝛽𝑗,𝑘 𝜉𝑗,𝑘 𝑁𝑗𝑎 𝑁𝑘𝑎 − 𝜂𝑝,𝑖 𝑁𝑖𝑎 ∑ 𝛽𝑖,𝑘 𝜉𝑖,𝑘 𝑁𝑘𝑎
2

(19)

𝑘=1

For each 𝑖𝑡ℎ section, 𝑚𝑖 is the mass of the aggregate and 𝜂𝑝,𝑖 is the representative
number of primary particles per aggregate. For the 𝑗𝑡ℎ section and the 𝑘𝑡ℎ section, 𝛽𝑗,𝑘 is the
collision kernel of two aggregates, and 𝜉𝑗,𝑘 is the coagulation efficiency for these aggregates.
The value of 𝜉𝑗,𝑘 is 0.20, according to Zhang [23]. Besides these, 𝛿 is the Kronecker delta
function, and the value of 𝜂 would vary depending on the following two situations:
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𝑚𝑖+1 − (𝑚𝑗 + 𝑚𝑘)
𝑖𝑓 𝑚𝑖 ≤ 𝑚𝑗 + 𝑚𝑘 ≤ 𝑚𝑖+1
𝑚𝑖+1 − 𝑚𝑖
𝜂=
𝑚𝑖−1 − (𝑚𝑗 + 𝑚𝑘)
𝑖𝑓 𝑚𝑖−1 ≤ 𝑚𝑗 + 𝑚𝑘 ≤ 𝑚𝑖
𝑚𝑖−1 − 𝑚𝑖
{

(20)

Thus, the value of 𝜂 represents the new formation of the mass into two adjacent
sections with different aggregates; the other parameter 𝜂𝑝 is primary particles of two adjacent
sections that can be calculated through the particle masses 𝑚𝑖, 𝑚𝑗, and 𝑚𝑘 and the particle
numbers 𝑛𝑝,𝑗 and 𝑛𝑝,𝑖 :

𝜂𝑝 =

𝑚𝑖
(𝑛 + 𝑛𝑝,𝑖 )
𝑚𝑗 + 𝑚𝑘 𝑝,𝑗

(21)

The collision kernel of the two aggregates above, 𝛽𝑗,𝑘 , comes from the equation:
𝛽𝑗,𝑘 = 4𝜋𝑅𝑎𝑏𝑠 (𝐷𝑗 + 𝐷𝑘 )𝑓𝐷

(22)

𝑅𝑎𝑏𝑠 is the absorbing sphere cluster radius, and 𝑓𝐷 is the transition regime correction
factor. 𝐷𝑗 and 𝐷𝑘 are the diffusion coefficients for the soot particles of representative sections,
which are calculated (for both the free molecular and continuum regimes) from the equation:

𝐷=

𝐾𝑏 𝑇𝐶𝑐 (𝐾𝑛)
3𝜋𝜇𝑑𝑚

(23)

Same as above, 𝐾𝑏 is still the Boltzmann constant, 𝑑𝑚 is the mobility diameter, T is
the temperature for the gas, and 𝜇 is the gas viscosity. 𝐾𝑛 is the Knudsen number, which acts
as the function for Cunningham slip correction factor 𝐶𝑐 . The representative equations are [24]:
𝐶𝑐 (𝐾𝑛) = 1 + 1.612𝐾𝑛

𝐾𝑛 =

2𝜆𝑚𝑓𝑝
𝑑𝑚

(24)

(25)

where 𝜆𝑚𝑓𝑝 represents the mean free path of the gas, and the gas is air in this situation.
Turning back to equation [22], the transition regime correction factor 𝑓𝐷 is calculated
as:
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𝑓𝐷 =

1 + 𝐾𝑛𝐷
1 + 2𝐾𝑛𝐷 (1 + 𝐾𝑛𝐷 )

(26)

This transition regime correction factor is based on flux-matching theory, and 𝐾𝑛𝐷 is
the diffusion Knudsen number, which can lead to the transition between two diffusions:
continuum and free molecular diffusion. The specific equations are:

𝐾𝑛𝐷 =

𝜆𝑚𝑓𝑝,12 =

𝜆𝑚𝑓𝑝,12
𝑅𝑎𝑏𝑠
𝐷𝑗 + 𝐷𝑘

(27)

(28)

2𝑘 𝑇 1
1
√ 𝜋𝐵 (𝑚 + 𝑚 )
𝑗
𝑘

𝜆𝑚𝑓𝑝,12 is the diffusion mean free path, with 𝑚𝑗 and 𝑚𝑘 representing the soot
aggregate mass for 𝑗𝑡ℎ and 𝑘𝑡ℎ sections, respectively. 𝑑𝑚 in the equation [23] is the mobility
diameter of the soot aggregate, and is calculated as:
2𝑟𝑝 𝑛𝑝0.43 𝑓𝑟𝑒𝑒 𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑎𝑟 𝑟𝑒𝑔𝑖𝑚𝑒
𝑑𝑚 = {

2𝑅𝑓 (

𝐷𝑓 − 1 0.7
)
𝑐𝑜𝑛𝑡𝑖𝑛𝑢𝑢𝑚 𝑟𝑒𝑔𝑖𝑚𝑒
2

(29)

The factors in the equation are all aggregate properties; for instance, 𝑟𝑝 is the primary
particle radius, 𝑛𝑝 is the number of primary particles in the aggregate, and 𝐷𝑓 is the fractal
dimension. 𝑅𝑓 is the outer radius of the aggregate and is calculated as:
1
𝐷𝑓

𝑅𝑓 = 𝑟𝑝 (𝑓𝑛𝑝 )

(30)

As found in Naumann's paper [25], the volume filling factor 𝑓 is set to be 1.43.

3.3.2.3 PAH condensation, HACA surface growth, Oxidation
PAH condensation refers to the absorption of a molecule on the surface of an existing
soot particle. Transition and continuum regime collision theory describes the conversion
between PAHs and soot particles. The prescribed collision efficiency, 𝛾, is 1.0 in this model
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[23].
Hydrogen-abstraction/acetylene-addition (HACA) surface growth can describe the
formation of PAHs and soot surface growth because HACA is the dominant pathway. In
addition to PAH condensation and HACA surface growth, oxidation is essential for the model
because it would reinforce the part outside PAH pyrolysis. These two phenomena are discussed
together because the reaction patterns have been developed by Frenklach and coworkers [26].
There are six different surface growth reactions (attached at the end of this part) with
kinetics described by the concept of soot surface sites, except for one reaction with OH radicals
(S6) that is based on free molecular regime collision theory. The sites have two categories:
saturated (Csoot -H) and dehydrogenated (Csoot ). For 𝑖𝑡ℎ soot section, the concentration of total
surface sites is:

[𝐶𝑠𝑜𝑜𝑡 − 𝑇]𝑖 =

𝜒𝑐𝑠𝑜𝑜𝑡−𝐻 𝐴𝑠,𝑖 𝑁𝑖
𝐴𝑣

(31)

𝜒𝑐𝑠𝑜𝑜𝑡−𝐻 is the number of sites per unit of soot surface area, and the value would be
2.3 × 1015 sites/cm2 according to [27]. 𝐴𝑠,𝑖 represents the surface area of soot particles in a
representative section, and 𝑁𝑖 is the number of those soot particles in the same section. With
the concentration 𝑐𝑠𝑜𝑜𝑡−𝐻 , in this equation, it is calculated as:

[𝐶𝑠𝑜𝑜𝑡 ]𝑖 = [𝐶𝑠𝑜𝑜𝑡 − 𝐻]𝑖 ×

(𝑘1 𝜒𝐻 + 𝑘2 𝜒𝑂𝐻 )
𝑘−1 𝜒𝐻2 + 𝑘−2 𝜒𝐻2 𝑂 + 𝑘4 𝜒𝐶2 𝐻2 + 𝑘5 𝜒𝑂2 + 𝑘1 𝜒𝐻 + 𝑘2 𝜒𝑂𝐻

(32)

This equation is modified from the original one in [27] because of the unity
limitation. 𝜒 has a different meaning, representing the mole fraction; for example, 𝜒𝑂2 means
the concentration of oxygen. The fractions are inserted with the assumption of a steady-state
and are already dehydrogenated. For HACA surface growth, the two-point method is used, and
the source terms for section 𝑖 would be [28]:
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𝐼𝑔,𝑖
𝑖𝑓 𝑖 = 1
𝑚𝑖+1 − 𝑚𝑖
𝐼𝑔,𝑖−1
𝐼𝑔,𝑖
=
−
𝑖𝑓 𝑖 = 2, … , 𝑆𝑁 − 1
𝑚𝑖 − 𝑚𝑖−1 𝑚𝑖+1 − 𝑚𝑖
𝐼𝑔,𝑖−1
𝑖𝑓 𝑖 = 𝑆𝑁
{
𝑚𝑖 − 𝑚𝑖−1

(33)

𝐼𝑔,𝑖
𝑛
𝑖𝑓 𝑖 = 1
𝑚𝑖+1 − 𝑚𝑖 𝑝,𝑖
𝐼𝑔,𝑖−1
𝐼𝑔,𝑖
=
𝑛𝑝,𝑖−1 −
𝑛
𝑖𝑓 𝑖 = 2, … , 𝑆𝑁 − 1
𝑚𝑖 − 𝑚𝑖−1
𝑚𝑖+1 − 𝑚𝑖 𝑝,𝑖
𝐼𝑔,𝑖−1
𝑛
𝑖𝑓 𝑖 = 𝑆𝑁
𝑚𝑖 − 𝑚𝑖−1 𝑝,𝑖−1
{

(34)

−

𝜕𝑁𝑖𝑎
|
𝜕𝑡 𝑠𝑔

−

𝑝

𝜕𝑁𝑖
|
𝜕𝑡 𝑠𝑔

SN means the section number, and 𝐼𝑔,𝑖 is the summation rate of PAH condensation and
HACA surface growth in the section 𝑖. The unit of this rate is g/cc/sec, and the value should
always be positive.
Using the same two-point method for the oxidation of aggregates and soot particles,
the equations are [28]:
𝐼𝑜𝑥,𝑖+1
𝐼𝑜𝑥,𝑖
+
𝑖𝑓 𝑖 = 1
𝑚𝑖+1 − 𝑚𝑖
𝑚𝑖
𝐼𝑜𝑥,𝑖
𝐼𝑜𝑥,𝑖+1
−
𝑖𝑓 𝑖 = 2, … , 𝑆𝑁 − 1
=
𝑚𝑖 − 𝑚𝑖−1 𝑚𝑖+1 − 𝑚𝑖
𝐼𝑜𝑥,𝑖
𝑖𝑓 𝑖 = 𝑆𝑁
{
𝑚𝑖 − 𝑚𝑖−1

(35)

𝐼𝑜𝑥,𝑖+1
𝐼𝑜𝑥,𝑖
𝑛𝑝,𝑖+1 +
𝑛
𝑖𝑓 𝑖 = 1
𝑚𝑖+1 − 𝑚𝑖
𝑚𝑖 𝑝,𝑖
𝐼𝑜𝑥,𝑖
𝐼𝑜𝑥,𝑖+1
𝑛𝑝,𝑖 −
𝑛
𝑖𝑓 𝑖 = 2, … , 𝑆𝑁 − 1
=
𝑚𝑖 − 𝑚𝑖−1
𝑚𝑖+1 − 𝑚𝑖 𝑝,𝑖+1
𝐼𝑜𝑥,𝑖
𝑛
𝑖𝑓 𝑖 = 𝑆𝑁
{
𝑚𝑖 − 𝑚𝑖−1 𝑝,𝑖

(36)

−

𝜕𝑁𝑖𝑎
|
𝜕𝑡 𝑜𝑥

−

𝑝

𝜕𝑁𝑖
|
𝜕𝑡 𝑜𝑥

The two-point method means that the change in section 𝑖 would be dependent on the
variables of the adjacent sections: sections 𝑖 and 𝑖 − 1. The unit of oxidation rate 𝐼𝑜𝑥,𝑖 for
section 𝑖 is also g/cc/sec, but the value is always negative instead of positive for PAH
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condensation and HACA surface growth.

Table 1: HACA-based soot surface growth and oxidation reactions [26]

No.

𝐴(𝑐𝑚3 𝑚𝑜𝑙 −1 𝑠 −1 ) 𝑏

Reaction

𝑘𝑐𝑎𝑙
𝐸𝑎 (
)
𝑚𝑜𝑙

S1

𝐶𝑠𝑜𝑜𝑡 − 𝐻 + 𝐻 ⇌ 𝐶𝑠𝑜𝑜𝑡 ∙ +𝐻2

4.2 × 1013

0.0

13.0

S2

𝐶𝑠𝑜𝑜𝑡 − 𝐻 + 𝑂𝐻 ⇌ 𝐶𝑠𝑜𝑜𝑡 ∙ +𝐻2 𝑂

1.0 × 1010

0.73

1.43

S3

𝐶𝑠𝑜𝑜𝑡 + 𝐻 ⇌ 𝐶𝑠𝑜𝑜𝑡 − 𝐻

2.0 × 1013

0.0

0.0

S4

𝐶𝑠𝑜𝑜𝑡 + 𝐶2 𝐻2 ⇌ 𝐶𝑠𝑜𝑜𝑡 − 𝐻 + 𝐻

8.0 × 107

1.56

3.8

S5

𝐶𝑠𝑜𝑜𝑡 + 𝑂2 ⇌ 2𝐶𝑂 + 𝑝𝑟𝑜𝑑𝑢𝑐𝑡

2.2 × 1012

0.0

7.5

S6

𝐶𝑠𝑜𝑜𝑡 − 𝐻 + 𝑂𝐻 ⇌ 𝐶𝑂 + 𝑝𝑟𝑜𝑑𝑢𝑐𝑡

𝛾𝑂𝐻 = 0.13

3.3.2.4 Fragmentation
Fragmentation—also called breakage—describes how a large particle breaks into two
smaller particles. The source terms for section 𝑖 of the fragmentation on soot particles are [29]:

𝑝

𝜕𝑁𝑖
|
𝜕𝑡 𝑓𝑟

Γ𝑖,𝑖+1 𝑆𝑖+1 𝑁 𝑎𝑖+1 𝑖𝑓 𝑖 = 1
𝜕𝑁𝑖𝑎
| = {(Γ𝑖,𝑖 − 1)𝑆𝑖 𝑁 𝑎𝑖 + Γ𝑖,𝑖+1 𝑆𝑖+1 𝑁 𝑎𝑖+1 𝑖𝑓 𝑖 = 2, … , 𝑆𝑁 − 1
𝜕𝑡 𝑓𝑟
(Γ𝑖,𝑖 − 1)𝑆𝑖 𝑁 𝑎𝑖 𝑖𝑓 𝑖 = 𝑆𝑁

(37)

Γ𝑖,𝑖+1 𝑆𝑖+1 𝑁 𝑎𝑖+1 𝑛𝑝𝑎ℎ,𝑖+1
𝑖𝑓 𝑖 = 1
𝑓𝑠
Γ𝑖,𝑖+1 𝑆𝑖+1 𝑁 𝑎𝑖+1 𝑛𝑝,𝑖+1
=
𝑖𝑓 𝑖 = 2, … , 𝑆𝑁 − 1
(Γ𝑖,𝑖 − 1)𝑆𝑖 𝑁 𝑎𝑖 𝑛𝑝𝑎ℎ,𝑖 +
𝑓𝑠
(Γ𝑖,𝑖 − 1)𝑆𝑖 𝑁 𝑎𝑖 𝑛𝑝𝑎ℎ,𝑖 𝑖𝑓 𝑖 = 𝑆𝑁
{

(38)

The terms Γ𝑖,𝑖 and Γ𝑖,𝑖+1 are breakage distribution functions:

Γ𝑖,𝑖 =

𝑓𝑠 − 2
𝑓𝑠 − 1
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(39)

Γ𝑖,𝑖+1 =

𝑓𝑠
𝑓𝑠 − 1

(40)

The mass and number of aggregates are conserved due to the conservation law, and the
size and number of primary particles are also conserved for the same reason. 𝑆𝑖+1 represents
the fragmentation rate of aggregates in the representative section and is calculated as [30]:
1

𝑆𝑖 = 𝐴(𝑛𝑝,𝑖 )𝐷𝑓

(41)

The coefficient 𝐴 is the first-order function of the specific soot oxidation rate (𝑟𝑜𝑥,𝑠 )
that governs the overall fragmentation rate.
𝐴 = 𝐶𝑟𝑜𝑥,𝑠
Based on the research of [29], 𝐶 would be taken as 1.0 × 105.
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(42)

Results & Discussion
4.1 Simulation Set-up
The numerical simulations require specific and various parameter inputs and
adjustments because the mixing and chemical interactions are complex and challenging to
analyse. The challenge is in selecting the proper chemical mechanism applied in the software,
specifically for the pure diesel fuel part, which is composed of hundreds of chemicals. Initially,
modeling an experimental data set in the literature and verifying the numerical results was the
plan. With a proper set of the experimental data, the model can be verified by comparing with
the experimental data. There was an attempt based on the convincing article and experiment
from [19]. However, the pressure traces didn’t meet the requirement because of the missing
parameters, thus this plan can’t be proceeded.
SRM is not a recently invented model that hasn't been verified by the research. In fact,
SRM has been utilised for different engines such as SI, CI, DI, and HCCI [43,44,45,46,47].
Various fuels have also been simulated, including diesel, ethanol, and hydrogen. Thus, the wide
range of simulations provide support for the reliability of the model. Furthermore, the numerical
simulations are verified by experimental results without significant error or difference in the
examples above. In conclusion, a SRM model with PBM has been verified in different engines
and the simulation results are reliable comparing to experimental results. Based on a validated
CMCL diesel simulation, the soot formation variation can be observed by adjusting the
blending ratio of DME.
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4.1.1: Engine Parameters
Table 2: Engine parameters

Engine parameters
Engine speed (rpm)

1500

Compression ratio

19

Bore length (mm)

87.49

Initial temperature (K)

380

Initial pressure (bar)

1.1

Fuel air equivalent ratio

0.1

Stroke length (mm)
Conn. rod length (mm)

83
146.25

The parameters of the simulations from the CMCL group are shown in Table 2 above.
At first, the parameters from the experimental data in [19] are applied in the simulation. The
pressure trace didn't meet the requirement, however, due to information missing from the article.
Thus, the successful engine pattern from the CMCL group that has been verified becomes the
choice, while the research pattern—such as blending ratios—is still valuable and can be applied
in the simulations. At the same time, the SRM model is verified by many types of engines, such
as HCCI, DICI, and SI engines; thus, the simulations would be trustable in combining these
parameters and information.
The blending ratios from [19, 20] are reasonable because they are tested under the
experimental environment. However, they are no longer valuable after the validated CMCL
diesel simulation is selected.
The study is about the out-of-range blending ratios 0%-50%-75%-100%. They are
rarely found in the research literature even though employing the advantages of numerical
simulations can generate the results with minimal cost. The reasoning behind the formation
trend can also be researched. In addition, comparing a 0% blending ratio (pure diesel fuel) to
100% pure DME can give a clear view of the performance. For CO and NOx, the difference
between each control group is smaller than soot, and the random number generator can
influence the results. Therefore, more cycles would be inserted into the simulations for accuracy,
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and both CO and NOx would only be compared with blending ratios for this reason.

4.1.2 Chemical Mechanism and Diesel Surrogates
Before running the simulations, there is another concern about chemical compositions
because the diesel fuel is composed of hundreds of chemical species instead of just CH3OCH3,
as in DME. After sufficient literature review, the surrogates from Table 3 in [35] are selected
for representing the major species. The authors are also the same authors of [19] to which the
blending ratios refer. Here is this referenced table for the surrogates:

27

Table 3: Diesel fuel surrogate compositions [35]

Formulation no.

Target fuel

Surrogate components

Percentage by vol.

01

Gasoline (TRFDIB-1)

n-heptane (nC7H16)

15

iso-octane (iC8H18)

55

toluene (C7H8)

20

DIB (JC8H16)

10

n-dodecane (nC12H26)

81

toluene (C7H8)

14

cyclohexane (C6H12)

05

n-heptane (nC7H16)

20

iso-octane (iC8H18)

25

toluene (C7H8)

45

DIB (JC8H16)

10

n-dodecane (nC12H26)

81

toluene (C7H8)

14

cyclohexane (C6H12)

05

Diesel (T15 + CH5)

02

Gasoline (TRFDIB-1)

Diesel (T15 + CH5)

The chemical mechanisms are obtained from CRECK Modeling [63-66]. The chemical
mechanisms are composed of the kinetic mechanism, thermodynamics, transport properties and
list of species. In this case, the chemical mechanisms contain the species and reactions for fuels,
carbon and ether.

28

4.2 Pressure Traces and Heat Release
Figure 2: Pressure traces

Figure 3: Heat release rate traces
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The first objective is ensuring that the pressure trace is not negatively influenced by the
blending of DME so the power output can maintain the same level. Further formation and
emission comparisons are only valuable with the same level of power output. As seen in Figure
4, four overlapping curves are 0%, 50%, 75% and 100% blends of DME with diesel fuel, which
means the power output doesn't change negatively with the blending of DME. The heat release
rate is the backup plan for showing the turbulence of power output if there is no pressure trace,
and the CMCL Engine Suite can generate both. The heat release rate traces also perfectly
overlap. Therefore, discussions on CO, NOx, and soot are reasonable with this verification.
Figure 4: Temperature traces

The temperature traces also perfectly overlap, which also proves that the power output's
stability is not influenced by DME blending. Both pressure traces and temperature traces reveal
that the variation of DME blending ratios doesn't impact the engine's performance. The only
key point is the difference in emission without external disturbance.
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4.3 CO Formation
Figure 5: CO formation for all crank angles

CO is another emission mentioned above. The results of CO formation are still worthy
of discussion, though CO is not as important to focus on as soot. The graph of CO formation is
difficult to present because the shape of the curve is highly narrow, with the formation mass
fraction surging to the peak as it moves from a -25 degree crank angle to a 0 degree crank angle.
The figure above is only supposed to provide an image of the CO formation curve and the
detailed comparison would be discussed with a more concentrated range.
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Figure 6: CO formation for specific crank angles

Figure 7: Maximum CO mass fraction
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This figure focuses on the CO formation variations from a -25 degree crank angle to a
0 degree crank angle for 0%, 25%, 50%, and 100% DME blends. All these cases are simulated
for ten cycles to avoid the problems of random number generators. Before introducing the
definition of a random number generator, it is worth noting that there is no truly 'random' in the
world. Random numbers used in daily life are generated from models of different ranges. For
the numerical simulations, there must be a random number generator involved to predict the
results. The results would not be influenced if the difference is significant enough, such as the
soot formation differences above; if the difference is not substantial enough, however, more
repetitions would be required to minimise the influence of the random number generator. Thus,
in the case of CO formation, 10 cycles are tested to avoid any impact from the random number
generator.
The curves are shifting downwards and to the right as the amount of DME blend
decreases, and it is an evident trend that 100% DME produces much more CO than pure diesel
fuel. The maximum mass fraction is 1.12 × 10−2 𝑔 for 100% DME and the maximum amount
for pure diesel fuel is 8.33 × 10−3 𝑔, which is only 74.4% of pure DME’s fraction. This
phenomenon brings a challenge in the form of CO increasing with a growing ratio of DME.
The other two curves of 50% DME and 75% DME also demonstrate an increasing trend of CO
formation. Although it is not shown in this figure, the positive part is that a low blending amount
would not increase CO formation too much. For instance, the curve of 25% DME shows no
basic difference from the pure diesel curve, and the maximum mass fraction only has a different
value of 0.12 × 10−3 𝑔, which is a minimal number. It is reasonable to compromise at the point
of CO formation because of commonly used ratios and reduced amount of soot formation.
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Figure 8: Total CO mass fraction

The sum formation graph of CO would clearly demonstrate that the increase in the sum
amount is not that large, even compared to pure diesel fuel and pure DME. When the blending
ratio is a typical number like 25%, the difference is only 0.04 g, an increase of 8.4%. In figure
10, the 50% DME case is an outlier that has similar total formation amount with 100% DME,
the increase percentage is 18.6%. The number is only 8% for 75% DME, and the reason can be
the influence of the chemical interactions.
As to why this phenomenon happens, the chemical compositions and the chemical
structure of DME should be responsible for its occurrence. DME has high oxygen content [12],
which is an advantage for oxidation and restraining PAH formation; the advantage would
become a disadvantage in terms of CO formation, however, since it also accelerates the reaction
for CO formation.
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Figure 9: Oxygen mass fraction

The oxygen (O2) mass fraction graph can prove that DME would bring more oxygen
content to the combustion chamber. On the graph, pure diesel fuel only has a sum mass fraction
of 260.4 g, which is the lowest of all data points. Although there is no specific trend with the
oxygen mass fraction, all the simulations with blended DME have more oxygen content than
0% blended DME (i.e., pure diesel fuel).
In a word, the mass fraction of CO will increase alongside the DME blending ratio
because of the high oxygen content of DME. The amount of increase is acceptable if common
blending ratios are applied, and further discussion on the compromise can be delayed until after
the NOx formation.

4.4 NOx Formation
NOx is the pollution summation of NO and NO2; thus, all NOx shown in the figure
would be the summation of the two. For the same random number generator reasons as with
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CO, 10 cycles are tested for NOx to avoid the influence of variations. It is difficult to observe
the difference if the blending ratio change is small. Thus the figure is plotted with the blending
ratios of 0%, 50%, 75% and 100%.
Figure 10: NOx formation

On the graph, the shape of curves is similar, with the only difference being the level of
the curves. The peak points are all around the 4 degree crank angle, but the maximum values
are different. By contrast, 50% DME does not reduce too much NOx, though the curve of pure
DME is much lower than the other two curves. The decline of NOx, however, is not entirely
proportional to the DME blending ratio, as a 50% blend of DME can reduce more NOx
formation than a 75% blend of DME. Though the 75% DME case is an outlier that produces
more NOx than any other cases. The graph shows, in an overall sense, that DME can reduce
the amount of NOx formation, though the amount is relatively small. However, the outlier is
still a problem that can’t be explained yet and the behavior of NOx formation is an attractive
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topic that can be further researched. But for now, the target should be soot formation.

Figure 11: Total NOx mass fraction

From this sum mass fraction graph, the situation is clear: the reduced amount is only a
very small portion compared to the sum fraction. For instance, 50% blended DME can only
reduce 1% of NOx formation, compared to 2.641 g of pure diesel fuel, dropping to 2.615 g.
Even for 100% blended DME, the difference is 0.119 g, which is not significant, and pure DME
fuel would not usually be applied directly. Therefore, the amount of NOx reduction can be
regarded as an additional advantage of DME blending, because the amount is limited and the
main priority is on the soot formation. Thus, focusing on soot and neglecting the slight variation
of NOx will be the direction of this thesis. Therefore, the 75% DME case shows a rapid
increasing trend in figure 13, but it is a lack of motivation to navigate because the degree of
change is small.
37

It must be mentioned that exhaust gas recirculation (EGR) would be effective in
reducing NOx emissions. In the experiment on heavy-duty truck engines performed in [19], 20%
EGR is applied to all the tests. EGR has been proven as an easy-to-apply and effective tool
through different experiments. This is why the amount of NOx reduced is not that important,
as EGR can do the job on the part of NOx.

4.5 Soot Formation
Figure 12: Soot formation traces

Soot is the most important of the three emissions in question, so it is a priority to
analyse its formation. Figure 14 shows the soot formation of 0%, 50%, 75% and 100% blends
of DME. The formation amount decreases gradationally with the introduction of DME blending,
and the total area of soot reduces significantly. The total formation amount of 50% blended
DME decreases 73.7%, and the total formation amount of 75% blended DME decreases 94.8%.
The maximum value drops from 2.18 × 10−10 𝑔 in pure diesel fuel to 5.45 × 10−11 𝑔 in 50%
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DME, and then to 1.39 × 10−11 𝑔 in 75% DME. For 100% blended DME, both the total soot
formation and the max soot formation drop to exceedingly low level, that the curve becomes a
unobservable straight line overlapping with x-axis on Figure 14.
Figure 13: Total soot formation

Figure 15 shows the relationship between the total amount of soot formation and the
increase of DME blending ratios, as the total soot formation amount decreases linearly with the
rise of DME blending ratios. For 100% DME, the amount is at a level of × 10−13 which is even
negligible compared to the mixed DME and diesel fuel. The decreasing trend is expected from
previous studies and the objective will the reason of soot formation decreasing.
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Figure 14: Maximum soot formation

Here is another figure on maximum soot formation selected from each 0.2 crank angle;
there is only one outlier, from the 15% blending ratio, but the other results show the downward
trend for soot formation. The reduction of soot formation is exactly as expected from the
literature review and the experimental data. The other objective is to investigate the soot
formation mechanism and the inside chemical interactions to ensure the effects on each stage,
especially the PAH formation stage.
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4.5.1 Soot Formation Mechanism
From the literature review and experimental data of other researchers, it has been
shown that soot formation will be reduced with the addition of an amount of DME, and the
numerical simulations above have supported this point. At the same time, numerical simulation
has another advantage, as it is able to show the detailed processes—inception, HACA surface
growth, and PAH condensation surface growth—as well as the influence of each process on
soot formation. In this part of the comparison, the strategy of blending ratio selection would be
changed to give an apparent view on each stage of formation, especially the high blending ratios
that should be displayed.
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Figure 15: Inception amount

Figure 16: HACA surface growth amount
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Figure 17: PAH condensation surface growth amount

Generally the curves from the three stages have similar trends of dropping, which
means the effects are average at each stage. From the y-axis of the three stages, however, the
stage of inception would generate the largest share of soot with the formation level as
× 10−15 𝑚𝑜𝑙/𝑚3 ; in other words, the effect DME blending has on reducing soot would be the
best at this stage because the source of soot (PAHs) didn't nucleate. The amount would drop
from 5 × 10−15 𝑚𝑜𝑙/𝑚3 in pure diesel fuel to 2.13 × 10−15 𝑚𝑜𝑙/𝑚3 in DME that is only 20%
blended, a 57.4% decrease in percentage. 20% is a commonly used blending ratio and can be a
proper indicator for mechanism analysis.
HACA surface growth would generate a smaller amount than the inception stage, with
the amount dropping from 8.78 × 10−16 𝑚𝑜𝑙/𝑚3 with pure diesel fuel to 3.17 × 10−16 𝑚𝑜𝑙/
𝑚3 with 20% blended DME, a 63.9% decrease in percentage—even higher than the ratio in the
inception stage.
The amount drops from 7.32 × 10−18 𝑚𝑜𝑙/𝑚3 with pure diesel fuel to 2.03 ×
10−18 𝑚𝑜𝑙/𝑚3 with 20% blended DME in the PAH condensation stage, a 72.3% decrease in
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percentage, which is the highest among these three stages.
In conclusion, for all stages, the influences are distinct. Only 10% blended DME can
reduce at least 30% of the PAH amount, and a 50% blend of DME can drop the PAH amount
to another lower level, especially for the PAH condensation surface growth stage. From another
point of view, the change of mass fraction naphthalene (C10H8) can provide evidence of this
trend.
Figure 18: C10H8 maximum mass fraction
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Figure 19: C10H8 sum mass fraction

Naphthalene is the simplest polycyclic aromatic hydrocarbon, which is also the
smallest member of the PAH group. Naphthalene acts as an indicator because it is the precursor
of soot, so less naphthalene would lead to less PAH formation.
There are two crucial figures about C10H8: the maximum mass fraction and the sum
mass fraction. Although there is an outlier (15% blending ratio) that is out of range for the
maximum mass fraction, the general trend is shifting down, which means that C10H8 decreases
with increases in the DME blending ratio. Even for the outlier, the value is out of range because
it is too low, but it doesn't harm the results. 0% DME would produce a mass fraction of
2.46 × 10−8 𝑔 at the peak point, which is the highest of all cases.
There is also some turbulence in the C10H8 sum mass fraction figure between the 10%
and 30% blending ratios. Still, the trend is declining and the maximum value is 4.53 × 10−7 𝑔
at the point of 0% DME, so the results are acceptable. Thus, the trend of C10H8 also supports
the suggestion of less soot resulting from DME injection.
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Figure 20: C6H6 maximum mass fraction

Figure 21: C6H6 sum mass fraction

There is also another hydrocarbon group named benzene (C6H6), which is also a soot
precursor. The trend is not stable according to the maximum mass fraction because the starting
point (0% DME) and the endpoint (100% DME) both produce a high amount of benzene mass
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fractions, but the curve would shift down towards a 20% blending ratio, with the minimum
value of 1.13 × 10−3 𝑔.
The point is also the minimum value of the sum mass fraction results. The sum mass
fraction graph shows that it is more apparent that 100% DME produces a low amount of C6H6
but it also does not influence the mass fraction when blended with the diesel fuel. Although the
mass fraction drops to a lower level of 2.3 × 10−3 𝑔 for 100% DME, that is only 58.9% of
pure diesel fuel's benzene production; all other blending fuels are around the range from
3.6 × 10−3 to 3.8 × 10−3 𝑔. Thus, it can be concluded that DME influences benzene at a low
level and would keep its level, independent of the DME blending ratio.
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Conclusion & Future Work
The objectives of soot formation mechanisms and DME blending effects are made quite
clear with simulation results and different comparison methods. With the support of
overlapping pressure trace, temperature trace, and heat release rate trace, the power output is
ensured to remain the same level with DME blending. First, the selected DME blending ratios
from previous experimental data are employed in the simulations, and the decreasing soot
formation amount show a direct relationship with increases in injected blending DME.
Observing the internal chemical interactions and soot formation mechanism is an
advantage of the numerical method. There are generated figures for three stages: inception,
HACA surface growth, and PAH condensation surface growth. The stage of inception has the
most significant scale, which communicates that most soot formation is reduced in this stage
and verifies the assertion from previous studies that blending DME can reduce the formation
of PAHs for restraining following soot formation. Also, the numerical method can investigate
other PAHs, benzene and naphthalene. Decreasing benzene and naphthalene proves the
variation of PAH and finally establishes the logic of less formed PAH leading to less soot.
In the future, modeling experimental datasets with comprehensive details of the
experimental set-up and measurements will be an attractive topic. Although the simulation
results are convincing enough because a SRM based engine model with PBM is verified by
published research, it is still worthy to model experimental datasets. NOx formation is another
interesting topic because the trend doesn’t perform linearly and the behavior can be further
researched.
In summary, the impact of DME blending on emissions of CI engines is beneficial for
overall consideration of emissions. DME results in less soot formation due to less precursor
formation. Utilising the numerical method would lead to a clear view of the inside mechanism,
chemical turbulence, and chemical reactions, while the potential of DME as new alternative
energy is proven.
48

References

[1] List of common conversion factors (Engineering conversion factors) - IOR
Energy Pty Ltd. (n.d.).
https://web.archive.org/web/20100825042309/http://www.ior.com.au/ecflist.htm
l.
[2] Siczek, K. J. (2016). Tribological processes in the valve train systems with
lightweight valves. Elsevier, Butterworth-Heinemann.
[3] Government of Canada, C. E. R. (2021, February 11). Canada Energy Regulator
/ Régie de l'énergie du Canada. CER. https://www.cer-rec.gc.ca/en/dataanalysis/energy-commodities/electricity/report/2016-canadian-renewablepower/canadas-renewable-power-landscape-2016-energy-market-analysis-ghgemission.html.
[4] Vakkilainen, E. (2017). Steam generation from biomass: construction and design
of large boilers. Butterworth-Heinemann Ltd.
[5] Canada, E. and C. C. (2013, April 24). Government of Canada. Canada.ca.
https://www.canada.ca/en/environment-climate-change/services/airpollution/pollutants/common-contaminants/nitrogen-oxides.html.
[6] Bond, T. C. et al. J. Geophys. Res. (2013). Bounding the role of black carbon in
the climate system: A scientific assessment. Journal of Geophysical Research:
Atmospheres, 118(11), 5380–5552. https://doi.org/10.1002/jgrd.50171
[7] Canada, H. (2021, April 14). Government of Canada. Canada.ca.
https://www.canada.ca/en/health-canada/services/air-quality/indoor-aircontaminants/fine-particulate-matter.html.
[8] What is Carbon Black?: Carbon Black 101. Birla Carbon. (2019, September 6).
https://www.birlacarbon.com/whats-trending/carbon-black/.
[9] Tree, D. R., & Svensson, K. I. (2007). Soot processes in compression ignition
engines. Progress in Energy and Combustion Science, 33(3), 272–309.
https://doi.org/10.1016/j.pecs.2006.03.002
[10] Where the energy goes: Electric cars. www.fueleconomy.gov - the official
government source for fuel economy information. (n.d.).
https://www.fueleconomy.gov/feg/atv-ev.shtml.
49

[11] Li, T., Mitra, T., Chu, C., Yuan, Y., & Thomson, M. J. (2021). Investigation of
Pah and soot formation in a dimethyl ether (DME) Laminar COFLOW
DIFFUSION FLAME. Combustion and Flame, 223, 437–449.
https://doi.org/10.1016/j.combustflame.2020.10.019
[12] Park, S. H., & Lee, C. S. (2014). Applicability of dimethyl ether (DME) in a
compression ignition engine as an alternative fuel. Energy Conversion and
Management, 86, 848–863. https://doi.org/10.1016/j.enconman.2014.06.051
[13] Mii T, Uchida M. Fuel DME plant in East Asia. Proceedings of 15th Saudi–

Japan Joint Symposium (2005).
[14] Makoś, P., Słupek, E., Sobczak, J., Zabrocki, D., Hupka, J., & Rogala, A.
(2019). Dimethyl ether (dme) as potential environmental Friendly fuel. E3S Web
of Conferences, 116, 00048. https://doi.org/10.1051/e3sconf/201911600048
[15] Arcoumanis, C., Bae, C., Crookes, R., & Kinoshita, E. (2008). The potential of
di-methyl ether (dme) as an alternative fuel for compression-ignition engines: A
review. Fuel, 87(7), 1014–1030. https://doi.org/10.1016/j.fuel.2007.06.007
[16] International DME Association. (n.d.). Frequently asked questions about DME.
DME. https://aboutdme.org/FAQ.
[17] Saxena, S., & Bedoya, I. D. (2013). Fundamental phenomena affecting low
temperature combustion and hcci engines, high load limits and strategies for
extending these limits. Progress in Energy and Combustion Science, 39(5), 457–
488. https://doi.org/10.1016/j.pecs.2013.05.002
[18] El-Asrag, H. A., &amp; Ju, Y. (2014). Direct numerical simulations of NOx
effect on Multistage Autoignition OF DME/air mixture in the negative
temperature coefficient regime for stratified HCCI engine conditions.
Combustion and Flame, 161(1), 256–269.
https://doi.org/10.1016/j.combustflame.2013.07.012
[19] Liu, J., Wang, H., Li, Y., Zheng, Z., Xue, Z., Shang, H., & Yao, M. (2016).
Effects of diesel/pode (polyoxymethylene dimethyl ethers) blends on combustion
and emission characteristics in a heavy duty diesel engine. Fuel, 177, 206–216.
https://doi.org/10.1016/j.fuel.2016.03.019
[20] Liu, J., Wang, H., Zheng, Z., Li, L., Mao, B., Xia, M., & Yao, M. (2018).
Improvement of high load performance in gasoline compression ignition engine

50

with Pode AND MULTIPLE-INJECTION strategy. Fuel, 234, 1459–1468.
https://doi.org/10.1016/j.fuel.2018.07.156
[21] Saffaripour, M., Veshkini, A., Kholghy, M., &amp; Thomson, M. J. (2014).
Experimental investigation and detailed modeling of Soot aggregate formation
and size distribution in Laminar COFLOW diffusion flames of Jet a-1, a
Synthetic kerosene, and n-decane. Combustion and Flame, 161(3), 848–863.
https://doi.org/10.1016/j.combustflame.2013.10.016
[22] Park, S. H., Rogak, S. N., Bushe, W. K., Wen, J. Z., &amp; Thomson, M. J.
(2005). An aerosol model to predict size and structure of soot particles.
Combustion Theory and Modelling, 9(3), 499–513.
https://doi.org/10.1080/13647830500195005
[23] Zhang, Q. (2009). Detailed modeling of soot formation/oxidation in laminar
coflow diffusion flames (thesis).
[24] Sorensen, C. M., & Wang, G. M. (2000). Note on the correction for diffusion
and drag in the slip regime. Aerosol Science and Technology, 33(4), 353–356.
https://doi.org/10.1080/02786820050121549
[25] Naumann, K.-H. (2003). COSIMA—a computer program simulating the
dynamics of fractal aerosols. Journal of Aerosol Science, 34(10), 1371–1397.
https://doi.org/10.1016/s0021-8502(03)00367-7
[26] Appel, J., Bockhorn, H., & Frenklach, M. (2000). Kinetic modeling of soot
formation with detailed chemistry and physics: Laminar premixed flames of c2
hydrocarbons. Combustion and Flame, 121(1-2), 122–136.
https://doi.org/10.1016/s0010-2180(99)00135-2
[27] Frenklach, M., & Wang, H. (1991). Detailed modeling of soot particle nucleation
and growth. Symposium (International) on Combustion, 23(1), 1559–1566.
https://doi.org/10.1016/s0082-0784(06)80426-1
[28] Park, S. H., & Rogak, S. N. (2004). A novel fixed-sectional model for the
formation and growth of aerosol agglomerates. Journal of Aerosol Science,
35(11), 1385–1404. https://doi.org/10.1016/j.jaerosci.2004.05.010
[29] Zhang, Q., Thomson, M. J., Guo, H., Liu, F., & Smallwood, G. J. (2010).
Modeling of oxidation-driven soot aggregate fragmentation in a laminar coflow
diffusion flame. Combustion Science and Technology, 182(4-6), 491–504.
https://doi.org/10.1080/00102200903463050
51

[30] Harris, S. J., & Maricq, M. M. (2002). The role of fragmentation in defining the
signature size distribution of diesel soot. Journal of Aerosol Science, 33(6), 935–
942. https://doi.org/10.1016/s0021-8502(02)00045-9
[31] Kraft, M. Stochastic modeling of turbulent reacting flow in chemical
engineering. Germany.
[32] CMCL innovations. CMCL Innovations |. (2021, July 6).
https://cmclinnovations.com/.
[33] Mosbach, S., Kraft, M., Bhave, A., Mauss, F., Mack, J. H., & Dibble, R. W.
(2006). Simulating a homogeneous charge compression ignition engine fuelled
with a dee/etoh blend. SAE Technical Paper Series.
https://doi.org/10.4271/2006-01-1362
[34] Pope, S. B. (1985). Pdf methods for turbulent reactive flows. Progress in Energy
and Combustion Science, 11(2), 119–192. https://doi.org/10.1016/03601285(85)90002-4
[35] Raza, M., Wang, H., & Yao, M. (2019). Numerical investigation of reactivity
controlled compression ignition (rcci) using different multi-component surrogate
combinations of diesel and gasoline. Applied Energy, 242, 462–479.
https://doi.org/10.1016/j.apenergy.2019.03.115
[36] Böhm, H., & Jander, H. (1999). PAH formation in acetylene–benzene pyrolysis.
Physical Chemistry Chemical Physics, 1(16), 3775–3781.
https://doi.org/10.1039/a903306h
[37] Ahrens, J., Keller, A., Kovacs, R., & Homann, K.-H. (1998). Large molecules,
radicals, ions, and small soot particles in fuel-rich hydrocarbon flames: Part III:
Rempi mass spectrometry of large flame pahs and fullerenes and their
quantitative calibration through sublimation. Berichte Der Bunsengesellschaft
Für Physikalische Chemie, 102(12), 1823–1839.
https://doi.org/10.1002/bbpc.19981021213
[38] Mathieu, O., Frache, G., Djebaïli-Chaumeix, N., Paillard, C.-E., Krier, G.,
Muller, J.-F., Douce, F., & Manuelli, P. (2007). Characterization of adsorbed
species on soot formed behind reflected shock waves. Proceedings of the
Combustion Institute, 31(1), 511–519.
https://doi.org/10.1016/j.proci.2006.07.190

52

[39] Yuan, H., Kong, W., Liu, F., & Chen, D. (2019). Study on soot nucleation and
growth from pahs and some reactive species at flame temperatures by reaxff
molecular dynamics. Chemical Engineering Science, 195, 748–757.
https://doi.org/10.1016/j.ces.2018.10.020
[40] Bartok, W., & Sarofim, A. F. (1991). Fossil Fuel Combustion: A source book.
Wiley.
[41] Chernov, V., Thomson, M. J., Dworkin, S. B., Slavinskaya, N. A., & Riedel, U.
(2014). Soot formation with c1 and c2 fuels using an improved chemical
mechanism for pah growth. Combustion and Flame, 161(2), 592–601.
https://doi.org/10.1016/j.combustflame.2013.09.017
[42] Zhang, Q., Guo, H., Liu, F., Smallwood, G. J., & Thomson, M. J. (2009).
Modeling of soot aggregate formation and size distribution in a laminar
ethylene/air coflow diffusion flame with detailed pah chemistry and an advanced
sectional aerosol dynamics model. Proceedings of the Combustion Institute,
32(1), 761–768. https://doi.org/10.1016/j.proci.2008.06.109
[43] Maurya, R. K., & Akhil, N. (2017). Development of a new reduced hydrogen
combustion mechanism with nox and parametric study of hydrogen hcci
combustion using stochastic reactor model. Energy Conversion and
Management, 132, 65–81. https://doi.org/10.1016/j.enconman.2016.11.021
[44] Maurya, R. K., & Akhil, N. (2016). Numerical investigation of ETHANOL
Fuelled HCCI engine using stochastic reactor model. Part 1: Development of a
new REDUCED ethanol oxidation Mechanism. Energy Conversion and
Management, 118, 44–54. https://doi.org/10.1016/j.enconman.2016.03.076
[45] Maurya, R. K., & Akhil, N. (2016). Numerical investigation of ETHANOL
Fuelled HCCI engine using stochastic reactor model. Part 2: Parametric study of
performance and emissions characteristics using new REDUCED ethanol
oxidation Mechanism. Energy Conversion and Management, 121, 55–70.
https://doi.org/10.1016/j.enconman.2016.05.017
[46] Wu, S., Yapp, E. K. Y., Akroyd, J., Mosbach, S., Xu, R., Yang, W., &amp;
Kraft, M. (2017). Modelling of soot formation in a diesel engine with the
moment projection method. Energy Procedia, 142, 4092–4097.
https://doi.org/10.1016/j.egypro.2017.12.330
53

[47] Boretti, A. A. (2012). Stochastic reactor modelling of multi modes combustion
with diesel direct injection or hydrogen jet ignition start of combustion.
International Journal of Hydrogen Energy, 37(18), 13555–13563.
https://doi.org/10.1016/j.ijhydene.2012.06.055
[48] Eaves, N. A., Veshkini, A., Riese, C., Zhang, Q., Dworkin, S. B., &amp;
Thomson, M. J. (2012). A numerical study of high pressure, laminar, sooting,
ethane–air coflow diffusion flames. Combustion and Flame, 159(10), 3179–
3190. https://doi.org/10.1016/j.combustflame.2012.03.017
[49] Eaves, N. A., Thomson, M. J., &amp; Dworkin, S. B. (2013). The effect of
conjugate heat transfer on soot formation modeling at elevated pressures.
Combustion Science and Technology, 185(12), 1799–1819.
https://doi.org/10.1080/00102202.2013.839554
[50] Saffaripour, M., Kholghy, M., Dworkin, S. B., &amp; Thomson, M. J. (2013). A
numerical and experimental study of soot formation in a laminar coflow
diffusion flame of a jet a-1 surrogate. Proceedings of the Combustion Institute,
34(1), 1057–1065. https://doi.org/10.1016/j.proci.2012.06.176
[51] Eaves, N. A., Dworkin, S. B., &amp; Thomson, M. J. (2015). The importance of
reversibility in modeling soot nucleation and condensation processes.
Proceedings of the Combustion Institute, 35(2), 1787–1794.
https://doi.org/10.1016/j.proci.2014.05.036
[52] Saffaripour, M., Veshkini, A., Kholghy, M., &amp; Thomson, M. J. (2014).
Experimental investigation and detailed modeling of Soot aggregate formation
and size distribution in Laminar COFLOW diffusion flames of Jet a-1, a
Synthetic kerosene, and n-decane. Combustion and Flame, 161(3), 848–863.
https://doi.org/10.1016/j.combustflame.2013.10.016
[53] Khosousi, A., & Dworkin, S. B. (2015). Detailed modelling of Soot oxidation by
O2 and Oh in laminar diffusion flames. Proceedings of the Combustion Institute,
35(2), 1903–1910. https://doi.org/10.1016/j.proci.2014.05.152
[54] Wang, H. H. (1997). The perplexing dispute over oil. Resources Policy, 23(4),
173–178. https://doi.org/10.1016/s0301-4207(97)00030-5
[55] Dunbar, B. (n.d.). Black soot and snow: A warmer combination. NASA.
Retrieved October 7, 2021, from
https://www.nasa.gov/vision/earth/lookingatearth/Black_Soot.html.
54

[56] Chang, J., Fu, Y., &amp; Luo, Z. (2012). Experimental study for dimethyl ether
production from biomass gasification and simulation on dimethyl ether
production. Biomass and Bioenergy, 39, 67–72.
https://doi.org/10.1016/j.biombioe.2011.01.044
[57] Tollefson, J. (2013, January 15). Soot a major contributor to climate change.
Nature News. Retrieved October 7, 2021, from
https://www.nature.com/articles/nature.2013.12225.
[58] Zhang, Y., Li, Y., Liu, P., Zhan, R., Huang, Z., &amp; Lin, H. (2019).
Investigation on the chemical effects of dimethyl ether and ethanol additions on
Pah Formation in laminar premixed ethylene flames. Fuel, 256, 115809.
https://doi.org/10.1016/j.fuel.2019.115809
[59] Li, T., Mitra, T., Chu, C., Yuan, Y., &amp; Thomson, M. J. (2021). Investigation
of PAH and soot formation in a dimethyl ether (DME) laminar coflow Diffusion
Flame. Combustion and Flame, 223, 437–449.
https://doi.org/10.1016/j.combustflame.2020.10.019
[60] Ngayihi Abbe, C. V., Nzengwa, R., Danwe, R., Ayissi, Z. M., &amp; Obonou,
M. (2015). A study on the 0D phenomenological model for diesel engine
simulation: Application to combustion of neem methyl esther biodiesel. Energy
Conversion and Management, 89, 568–576.
https://doi.org/10.1016/j.enconman.2014.10.005
[61] Sok, R., Yamaguchi, K., &amp; Kusaka, J. (2019). 0D/1D turbulent combustion
model assessment from an Ultra-Lean Spark Ignition engine. SAE Technical
Paper Series. https://doi.org/10.4271/2019-01-1409
[62] Payri, F., Benajes, J., Margot, X., &amp; Gil, A. (2004). CFD modeling of the
in-cylinder flow in direct-injection diesel engines. Computers &amp; Fluids,
33(8), 995–1021. https://doi.org/10.1016/j.compfluid.2003.09.003
[63] Pelucchi, M., Cavallotti, Faravelli, T., Klippenstein, S.J., H-Abstraction
reactions by OH, HO2, O, O2 and benzyl radical addition to O2 and their
implications for kinetic modelling of toluene oxidation, Physical Chemistry
Chemical Physics, 20, pp. 10607-10627 (2018), DOI: 10.1039/C7CP07779C
[64] Ranzi, E., Frassoldati, A., Stagni, A., Pelucchi, M., Cuoci, A., Faravelli, T.,
Reduced kinetic schemes of complex reaction systems: Fossil and biomass-

55

derived transportation fuels (2014) International Journal of Chemical Kinetics,
46 (9), pp. 512-542, DOI: 10.1002/kin.20867
[65] Pelucchi, M., Bissoli, M., Cavallotti, C., Cuoci, A., Faravelli, T., Frassoldati, A.,
Ranzi, E., Stagni, A., Improved Kinetic Model of the Low-Temperature
Oxidation of n-Heptane, Energy Fuels, 28(11), pp. 7178-7193 (2014), DOI:
10.1021/ef501483f
[66] Pelucchi, M., Cavallotti, C., Ranzi, E., Frassoldati, A., Faravelli, T., Relative
Reactivity of Oxygenated Fuels: Alcohols, Aldehydes, Ketones, and Methyl
Esters, Energy & Fuels, 30(10), pp. 8665-8679 (2016), DOI:
10.1021/acs.energyfuels.6b01171
[67] Dorao, C. A., &amp; Jakobsen, H. A. (2006). Numerical calculation of the
moments of the population balance equation. Journal of Computational and
Applied Mathematics, 196(2), 619–633.
https://doi.org/10.1016/j.cam.2005.10.015
[68] Kennedy, I. M. (1997). Models of soot formation and oxidation. Progress in
Energy and Combustion Science, 23(2), 95–132. https://doi.org/10.1016/s03601285(97)00007-5
[69] Semelsberger, T. A., Borup, R. L., &amp; Greene, H. L. (2006). Dimethyl ether
(DME) as an alternative fuel. Journal of Power Sources, 156(2), 497–511.
https://doi.org/10.1016/j.jpowsour.2005.05.082
[70] Mii T, Uchida M. Fuel DME plant in East Asia. Proceedings of 15th Saudi–

Japan Joint Symposium (2005)

56

Vita Auctoris
NAME:

Hongwei Lei

PLACE OF BIRTH:

Hubei province, China

YEAR OF BIRTH:

1997

EDUCATION:

Maple Leaf International School, Wuhan, Hubei province,
2012 - 2015
University of Windsor, B.A.Sc., Windsor, ON, 2015 2019
University of Windsor, M.A.Sc., Windsor, ON, 2020 2021

57

